The powders of LiFePO 4 compounds have been synthesized by the solid state reaction, and LiFePO 4 /C composites were sintered in argon gas. The ceramics of LiFePO 4 were sintered in air. The surfaces of the ceramics were investigated by a scanning electron microscope (SEM), energy dispersive X-ray spectrometer (EDX). The binding energies of the Fe 2p, P 2p, and O 1s core level of LiFePO 4 ceramic and LiFePO 4 /C composite surfaces were determined by X-ray photoelectron spectroscopy (XPS). The deconvolutions of Fe 2p core level XPS are associated with Fe 2+ and Fe 3+ valence states of the ceramics. Impedance spectroscopy of the ceramics has been performed in the frequency range of 10 Hz to 3 GHz by low frequency and microwave impedance spectrometers. Two-and four-probe methods were used for measurements at low frequencies. The LiFePO 4 /C composite was investigated in nitrogen gas, and the measurements of LiFePO 4 were conducted in air. The measurements of the electrical properties of the ceramics were carried out in the temperature interval of 300-500 K.
Introduction
LiFePO 4 is an attractive cathode material for Li ion secondary batteries [1] . Lithium iron phosphate crystallizes in olivine structure and is indexed in orthorhombic symmetry with the Pnma space group [2] . It is known [3] that in this compound Fe 2+ can oxidize to Fe 3+ . The compound is a mixed electronic-ionic conductor, and at room temperature the values of electronic and ionic conductivities were found to be 3.7 × 10 -7 S/m and 5.0 × 10 -3 S/m, respectively [4] . According to [5] , the activation energies of electronic and ionic conductivities in the temperature range of 300-660 K were 0.66 and 0.63 eV, respectively. The conductivity values increased by increasing the amount of carbon in the LiFePO 4 /C composites [6] . There are many publications where conductivity of LiFePO 4 was investigated at low frequencies [4] [5] [6] [7] [8] . The O 1s, Fe 2p, P 2p core level XPS depends on the sputtering time of LiFePO 4 samples by Ar + [9] . The oxidation process of Fe 2+ to Fe 3+ in LiFePO 4 causes a chemical shift of 1.2 eV towards a higher binding energy for Fe 2p 1/2 core level XPS [10] . The redox behaviour of iron and high values of ionic conductivity in this compound make it also an interesting candidate for ionic dynamics study in a broad frequency range of the electric field. XPS, EDX, and impedance spectroscopy investigation results of pure LiFePO 4 and carbon containing LiFePO 4 /C ceramics are presented in this work.
Experiments
The powders of pure LiFePO 4 ), respectively. The SEM/EDX (TM3000 -Hitachi) analyser was used for microstructure analysis and chemical composition determination. Chemical bonding states of the constituent elements of the surfaces of the ceramics were examined by XPS. The XPS spectra were obtained using Al K α (hν = 1486.6 eV) radiation at an average of 30 scans with a step size of 0.05 eV. The residual pressure in the analyser chamber was 1.3 · 10 -8 Pa. The fitting of the core level data was performed using a nonlinear fitting procedure (software XPSPEAK 41). For the measurements of complex conductivity (σ = σ' + iσ''), complex resistivi ty (ρ = ρ' -iρ''), and complex dielectric permittivity (ε = ε' -iε'') of LiFePO4/C, the sputtered Au electrodes were prepared. For the electrical measurements of LiFePO 4 ceramics, electrodes were made from the Pt paste (GWENT Company). Investigation of electrical properties of LiFePO 4 /C samples was performed in nitrogen gas in the frequency range from 1 Hz to 5 MHz by a two-probe method (Solartron 1260 analyser). Investigation of electrical properties of LiFePO 4 was performed in air in the 1-1•10 6 Hz frequency range by two-and four-probe methods (as described in [11] ), and the measurements in the frequency range of 3 • 10 5 -3•10 9 Hz were performed as described in [12] .
Results and discussion
SEM images of LiFePO 4 ceramic and LiFePO 4 /C composite surfaces are presented in Fig. 1(a, b) . The grain sizes in the investigated area of the LiFePO 4 ceramic surface vary in the range from approximately 3.1 to 8.5 μm. The LiFePO 4 /C composite has numerous microcracks. Figure 2 (a, b) shows EDX spectra. The results of investigation of the elemental composition of LiFePO 4 ceramics have shown a small amount of Al, Na, Ti, and Co impurities (see the insets of Fig. 2(a) ). There is a small amount of Al impurities in LiFePO 4 /C ( Fig. 2(b) ). Al 2 O 3 substrates used for sintering can be an Al impurity source. If the amount of the registered element is up to 1 at.% (Na, Ti, and Co impurities), the most probable explanation is the errors of the equipment.
The binding energies in XPS were calibrated by assigning the C 1s peak to 284.6 eV. Fe 2p 3/2 , P 2p, and O 1s core level XPS of ceramic LiFePO 4 and LiFePO 4 /C were deconvoluted and their binding energies are presented in Table 1 . The XPS of Li 1s cannot be separated from the intensive overlapping Fe 3p peak. The Fe 2p 3/2 XPS of both samples is composed of nine peaks with different binding energies ( Fig. 3(a) ) as in [13] . The binding energies of Fe 2p peaks were in the range from 709.6 to 718.0 eV and in the range from 709.4 to 717.9 eV in LiFePO 4 and LiFePO 4 /C samples, respectively. Grosvenor O 12 H 2(7-3x) CO 3 • 3H 2 O at the binding energy around 715 eV [14] .
Each P 2p 3/2 XPS was deconvoluted into two peaks (Fig. 3(b) ). The two P 2p peaks in LiFePO 4 are at the binding energies of 132.2 and 133.1 eV, which are lower than 133.2 and 135.0 eV binding energies determined for LiFePO 4 /C (see Table 1 ). The splitting energies between P 2p 3/2 and P 2p 1/2 core level XPS peaks were 1.0 eV in both compounds. The binding energy of the P 2p peak in compounds with a different structure was found to be 135.6 eV in hexagonal FePO 4 , 134 eV in orthorhombic LiFePO 4 with the olivine-type structure [15] , 133.2 eV in LiFePO 4 with the pristine structure, and 133.6 eV in the polymer-LiFePO 4 composite [16] . The peak at the binding energy of 133.2 eV in LiFePO 4 and the peak at 135.0 eV in LiFePO 4 /C can be associated with the P 3+ oxidation state resulting from the (PO 3 ) -group as in [17] and other peaks at 133.1 and 133.2 eV (see Table 1 ) can be associated to the PO 4 3-group and attributed to the P 5+ valence state as in [18] . Figure 3 (c, d) shows the O 1s core level XPS of LiFePO 4 and LiFePO 4 /C, respectively. In the LiFePO 4 compound the O 1s spectrum has been deconvoluted into three peaks as in [14, 19] but on the LiFePO 4 /C surface four peaks with different binding energies were detected. The O 1s peak (see Table 1 ) at the binding energy of 531.2 eV (corresponding amount 59.2 at.%) for LiFePO 4 and the peak at the binding energy of 530.9 eV (26.6 at.%) for LiFePO 4 /C can be attributed to the lattice oxygen O 2-bond P-O at the normal sites of the orthorhombic structure, while the other two O 1s peaks at 530. 4 [19] . Three peaks of the O 1s core level spectrum recorded on the LiFePO 4 /C surface at the binding energies of 531.9, 532.9, and 533.9 eV may be originated from carbon oxide groups as CO, CO 2 , and CO 3 or H 2 O because C 1s XPS has showed a large amount of oxidized carbon related to peaks at 286.1 (29.2 at.%) and 287.7 eV (12.9 at.%) binding energies.
In the present work, the measurements of electrical properties were carried out in the broadband frequency range at different temperatures. Such investigations enable to study ionic transport peculiarities in grain boundaries and grains of the ceramics. The characteristic frequency dependences of the real part of complex conductivity (σ' ) of the LiFePO 4 ceramics measured at different temperatures are showed in Fig. 4 . The thermally activated dispersion regions in σ' spectra for both investigated samples were found. The dispersion regions shift towards higher frequencies as temperature increases. This phenomenon is typical of relaxation-type dispersions [20, 21] . The low frequency dispersion regions can be associated with relaxation processes in the grain boundary of the ceramics. The dispersion at high frequencies is caused by ionic transport in the bulk of the ceramics. Grain boundary (f gb ) and bulk (f b ) relaxation frequencies were determined from the maxima of the imaginary part of the complex specific resistivity ρ''(f ) measured in the investigated frequency range at different temperatures. In Table 2 .
The temperature dependences of dielectric permittivity ε' and dielectric losses tanδ were investigated only for LiFePO 4 ceramic samples at a 1 GHz Fig. 9 . The values of ε' and tanδ are summarized in Table 2 , too. The increase of the ε' values with temperature can be caused by contribution of the migration polarization of lithium ions, vibration of the lattice, and electronic polarization. The increase of the values of tanδ with increase of temperature can be related to the contribution of σ b . frequency. This frequency at 420 K is higher than the Maxwell relaxation frequency:
where ε 0 = 8.85 • 10 -12 F/m is vacuum permittivity. The Maxwell relaxation frequency f M at 420 K for the
Conclusions
The grain sizes of LiFePO 4 ceramics sintered in air varied in the range from 3.45 to 7.34 μm. The microstructure of LiFePO 4 /C composite ceramics sintered in argon gas had numerous microcracks. The results of the investigation of the Fe 2p core level suggest that Fe ions in LiFePO 4 and LiFePO 4 /C are at Fe 2+ and Fe 3+ oxidation states. The deconvolution of P 2p XP spectra into two peaks in the investigated ceramics show that the peaks at the binding energy of 133.2 eV in LiFePO 4 and the peak at 135.0 eV in LiFePO 4 /C can be associated with the P 3+ oxidation state resulting from the (PO 3 ) 1-group, and other peaks at 133.1 and 133.2 eV can be associated to the PO 4 3-group and attributed to the P 5+ valence state. The O 1s peak at the binding energy of 531.2 eV of LiFePO 4 and the peak at the binding energy of 530.9 eV of LiFePO 4 /C can be attributed to the lattice oxygen O 2-at the normal sites of the orthorhombic structure, while the other two O 1s peaks can be assigned to OH -and oxygen in H 2 O. The dispersion regions of electrical properties were found, and they were attributed to the relaxation processes related to fast Li + ion transport in the grain boundaries and grains of the investigated ceramics. It is shown that relaxation frequencies in grain boundaries and grains increase with temperature according to the Arrhenius law. The values of ε' of the investigated compounds at 1 GHz can be caused by the contribution of the migration polarization of lithium ions, lattice vibrations, and electronic polarization. The values of tanδ can be related to the contribution of σ b in the investigated temperature range.
